We investigate the accuracy of 4000Å/Balmer-break based redshifts by combining Hubble Space Telescope (HST) grism data with photometry. The grism spectra are from the Probing Evolution And Reionization Spectroscopically (PEARS) survey with HST using the G800L grism on the Advanced Camera for Surveys (ACS). The photometric data come from a compilation by the 3D-HST collaboration of imaging from multiple surveys (notably CANDELS and 3D-HST). We show evidence that spectrophotometric redshifts (SPZs) typically improve on the accuracy of photometric redshifts by ∼16-60%. We show that the robustness of the SPZ is directly related to the fidelity of the D4000 measurement. We also estimate the accuracy of continuum-based redshifts, i.e., for galaxies that do not contain strong emission lines, based on the grism data alone (σ NMAD ∆z/(1+z) 0.06). Given that future space-based observatories like WFIRST and Euclid will spend a significant fraction of time on slitless spectroscopic observations, we estimate number densities for objects with a redshift accuracy ≤0.02. We predict ∼8200 galaxies/degree 2 for galaxies with D4000>1.1 and a redshift accuracy of ≤2% to a limit of i AB ∼24 mag. This is especially important in the absence of an accompanying rich photometric dataset like the existing one for the CANDELS fields, where redshift accuracy from future surveys will rely only on the presence of a feature like the 4000Å/Balmer breaks or the presence of emission lines within the grism spectra.
INTRODUCTION
Galaxy evolution studies and cosmological measurements require redshift accuracy at the few-percent level or better. In particular, cosmological measurements such as measurements of the baryon acoustic scale (e.g., Eisenstein et al. 2005; Weinberg et al. 2013) , and weak lensing tomography (e.g., Hildebrandt et al. 2012) , require redshift accuracy at the percent or better level, and outlier fractions at the sub-percent level (Weinberg et al. 2013) . Measurements of galaxy overdensities also require redshifts accurate at the level of a few percent; for example, Pharo et al. (2018) , identify overdensities using redshifts estimated from low-resolution grism spectra combined with broad-band photometry. Accurate redshifts (typically with accuracy of ∆z/(1 + z) 0.001) can be obtained by using high-resolution spectroscopic data that allow for the precise fitting of high-resolution synthetic spectra of stellar populations. These can distinguish between synthetic stellar population models from different regions of parameter space, and simultaneously provide accurate redshifts and stellar population parameters. In practice, it is extremely difficult and very expensive to conduct a large scale spectroscopic survey of faint and distant galaxies that is both unbiased and sufficiently deep to analyze the stellar continua, in order to secure both accurate redshifts and detailed stellar population properties. Wide-field large scale ground-based spectroscopic campaigns, e.g., SDSS (York et al. 2000) , 6dF (Jones et al. 2004) , GAMA (Driver et al. 2011) , have been conducted to obtain high-resolution spectra and accurate redshifts. These spectroscopic ground-based surveys, however, are limited to the relatively brighter sources (∼ 21-22 mag) at lower redshifts (z 0.5).
In addition, large scale Hubble Space Telescope (HST) photometric and grism spectroscopic surveys have obtained photometric redshifts accurate to within a few percent, and have led to a better understanding of the stellar populations of a substantial number of galaxies at intermediate and high redshifts (z>1.5). Notable examples include the Wide Field Camera 3 (WFC3) Early Release Science (ERS) field (Windhorst et al. 2011 ) and the Cosmic Assembly Near-infrared Deep Extragalactic Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011 ) which used imaging from WFC3/IR and the Advanced Camera for Surveys (ACS) on the HST, while the GRAPES (Pirzkal et al. 2004; Pasquali et al. 2006; Ryan et al. 2007; Hathi et al. 2009 ), PEARS ), and FIGS (Pirzkal et al. 2017 ) surveys invested 40, 200, and 160 HST orbits, covering 11.6, 119, 18.6 arcmin 2 , respectively to do slitless spectroscopy with the ACS/G800L and WFC3/G102 grisms. Similarly the 3D-HST survey (Brammer et al. 2012; Skelton et al. 2014; Bezanson et al. 2016) which is a HST survey with the WFC3/G141 grism also invested 248 orbits to conduct WFC3/G141 spectroscopy of the CANDELS fields covering 600 arcmin 2 . The 4000Å break is the strongest absorption feature in rest-frame visible spectra of galaxies, particularly in early-type galaxies whose optical light is dominated by older stars, and also to a lesser extent and more varying extent in late-type star forming galaxies (Hathi et al. 2009 ). The break is expected to be stronger for later stellar spectral types and higher metallicities (see, e.g., Bruzual 1983; Hamilton 1985) , and therefore for galaxies dominated by old and metal-rich stellar populations. It is caused by the superposition of multiple absorption features within a narrow wavelength range close to 4000Å. The H and K absorption lines of Ca II, at 3969Å and 3934Å respectively, make up a significant part of the amplitude of the 4000Å break, which is why it is sometimes also referred to as the Ca H and K break. The strength of the 4000Å break is an excellent proxy for the age of the stellar population, and for the lack of recent star formation activity (e.g., Bruzual 1983; Hamilton 1985; Poggianti & Barbaro 1997; Kauffmann et al. 2003a,b; Hernán-Caballero et al. 2013 ). Similar to the 4000Å break the Balmer break at 3646Å-caused by strong Balmer absorption lines in younger stellar populations ( 0.3 Gyr) -is also a useful feature for redshift determination. The 4000Å/Balmer breaks are useful as photometric redshift indicators to achieve accuracy of better than a few percent, particularly if the photometry bands straddle the 4000Å/Balmer breaks.
In this paper, we combine grism spectra, containing a 4000Å/Balmer break, and photometric data to derive spectrophotometric redshifts (SPZs) and compare the accuracy of SPZs to redshifts derived from only photometric data (photo-z) and examine the dependence of redshift accuracy on D4000.
The deep grism data we use in this paper come from the Probing Evolution And Reionization Spectroscopically (PEARS) survey done with the ACS/G800L grism on HST Straughn et al. 2009; Xia et al. 2011; Pirzkal et al. 2013) . These slitless grism spectra are much lower in resolution (R∼100 for ACS Wide Field Channel WFC/G800L; Pasquali et al. 2006) than traditional slit-spectroscopy (which typically have R 10
3 ), but clearly have higher spectral resolution than broad-band filters. While traditional slit-spectroscopy is inherently restricted to pre-selected objects in the Fieldof-View (FoV), slitless grism spectroscopy is capable of providing spectra for nearly all sources in the FoV, after accounting for spectral overlap (e.g., Ryan et al. 2018) . We use PEARS grism spectra for galaxies within 0.600 ≤ z ≤ 1.235. This redshift range is selected so that the 4000Å break, if present, falls within the ACS/G800L grism wavelength coverage of 0.6 -0.95 µm. We also restrict our sample further by selecting galaxies which have a discernible 4000Å break, i.e., having D4000≥1.1 (see §3.1 and 3.2 for details on our measurements and our sample selection). We note that our results are based on grism spectra with a resolution of R 100 and a wavelength coverage of 6000 ≤ λ[Å] ≤ 9500. If either or both of these parameters increases i.e., a higher resolution and/or larger wavelength coverage for grism spectra, we expect the SPZ accuracy to improve over photo-z accuracy in absolute terms and also for lower D4000 values, as will be the case for the planned Wide Field InfraRed Survey Telescope (WFIRST) and the Euclid space-based observatories.
This paper is structured as follows: in §2 we provide details of the slitless spectroscopy data and the PEARS survey. In §3, we explain the methods used for measurements of the 4000Å break and our sample selection, and in §4, we describe our SED fitting procedure for estimating redshifts. In §5, we evaluate the dependence of our photo-z, grism-z, and SPZ accuracy with D4000 by comparing to ground-based spectroscopic redshifts. In §6, we provide the number density predictions based on continuum derived redshifts for observations by future observatories, such as WFIRST and Euclid. We conclude in §7. Wherever needed, we used cosmology from the Planck 2015 results in this paper -a flat Universe with H 0 = 67.8 km s −1 Mpc −1 , Ω m = 1 − Ω Λ = 0.308 (Planck Collaboration XIII; Ade et al. 2016) . All magnitudes quoted in this paper are AB magnitudes (Oke and Gunn 1983) .
OBSERVATIONS
We use slitless spectroscopy obtained with the HST as part of the PEARS survey (GO 10530; PI -S. Malhotra). The PEARS survey was awarded 200 orbits in Cycle 14 to cover 8 fields in the Great Observatories Origins Deep Survey (GOODS) North (GOODS-N) and South (GOODS-S) regions (Giavalisco et al. 2004 ) to a depth of z AB ≤ 27 mag with the ACS/WFC G800L grism. A ninth ultra-deep field to z AB 28 mag overlaps the Hubble Ultra Deep Field (HUDF; Beckwith et al. 2006 ). The total area covered is ∼119 arcmin 2 . The G800L grism delivers +1
st order spectra with a dispersion of about 40Å per pixel (Pasquali et al. 2006) . The best resolution of R∼100 is achieved for point sources, but for most of the sources considered in this paper (see §3.2 for details on our selected sample), which are spatially extended, the effective resolution is lower because the spectrum is convolved with the object morphology along the dispersion direction (Pasquali et al. 2001) .
The ACS G800L grism nominally covers 0.55 -1.05 µm (for spectra dispersed in the positive first order). The useful wavelength range, where the throughput of the grism exceeds 10%, is 0.60 -0.95 µm. While somewhat dependent on the exact bandpasses used to measure the break strength, this allows one to trace the 4000Å break uninterrupted from z 0.600 to z 1.235 . We refer to §3.1 for the definition of the break indices and for the justification of our use throughout this paper of D4000 over D n 4000. If the D n 4000 index is used, instead of D4000, then the redshift range is 0.558 ≤ z ≤ 1.317. Fig. 1 shows the footprints of the PEARS pointings within the GOODS-N and GOODS-S regions. Each of the 8 deep PEARS pointings were observed for a total of 20 HST orbits, while the ultra-deep pointing on the HUDF totaled 40 orbits. In order to mitigate contamination of galaxy spectra that may (partially) overlap at any given dispersion direction, each pointing was visited at three different position angles (PAs), except for 2 fields in GOODS-S which were observed at four PAs. Direct images through the ACS/WFC F606W filter were taken to astrometrically align the G800L grism exposures and to provide the zeropoint of the grism wavelength solution.
For more details about slitless spectroscopy with the ACS/G800L grism and its data reduction the reader is referred to Pirzkal et al. (2004) and Pasquali et al. (2006) . We refer to Pirzkal et al. (2013) for a description of the reduction and analysis specific to PEARS data. Pasquali et al. (2006) and the strategy used to calibrate grism observations in orbit.
3. 4000Å BREAK MEASUREMENT AND SAMPLE SELECTION 3.1. D4000 Measurement We measure the 4000Å break in the rest-frame of the galaxies that were in the PEARS survey, and which also had measured photometry from the 3D-HST and CAN-DELS surveys. The galaxies are distributed over the redshift range 0.600 ≤ z ≤ 1.235. In this work, the 4000Å break is measured by the D4000 (Bruzual 1983; Hamilton 1985) , as opposed to the D n 4000 index (Balogh et al. 1999; see below) . The D4000 index (see, e.g., Bruzual 1983; Hamilton 1985) measures the ratio of the integrated continuum flux density (in f ν units) in the bandpass from 4050Å to 4250Å to the integrated continuum flux density in the bandpass from 3750Å to 3950Å (Eq. 1). The D n 4000 index, where the n stands for "narrow", measures the ratio of the integrated continuum flux density in the bandpass from 4000Å to 4100Å to the flux in the bandpass from 3850Å to 3950Å (Eq. 2).
The narrower definition, D n 4000, is less sensitive to reddening effects, and is used relatively more in recent literature (e.g, Li et al. 2015; Zahid & Geller 2017) . Because we are using low-resolution grism spectra, the measurement of D n 4000 is more likely to be less accurate. This is because the break must fall in a relatively narrower wavelength range (as compared to D4000) for the measurement to be accurate. Since the spectrum must also be deredshifted before measuring the break strength, this "narrow" constraint also requires the redshift estimate to be more accurate in order for the D n 4000 measurement to be robust. Furthermore, there are fewer flux measurements within each wavelength bin to integrate over while using D n 4000 compared to D4000, which could again lead to the D n 4000 to be less robust than D4000. Therefore, when comparing the accuracy of spectrophotometric redshifts with photometric redshifts for different 4000Å break strengths, we prefer to measure these break strengths in the grism spectra of our galaxies using the D4000 index rather than the D n 4000 index. Appendix A provides details on the error analysis for the D4000 measurement.
Sample Selection
The sample of galaxies used in this paper comes from the public master catalog of galaxies and their grism spectra released by the PEARS survey 3 . This catalog contains 9551 galaxies (4082 in GOODS-N and 5469 in GOODS-S). We matched the PEARS master catalogs (using a matching radius of 0. 3) with photometry catalogs from the 3D-HST survey (Skelton et al. 2014 ) and our catalog of ground-based spectroscopic redshifts in the GOODS regions. This gives us all galaxies which have measured photometry, grism spectra, and ground-based spectroscopic redshifts. The matching with the groundbased spectroscopic redshift catalog is done so that we can check the accuracy of our redshifts (see §5). The 3D-HST photometry catalog contains photometry from multiple ground and space-based surveys. We use 12-band photometry from u-band (ground-based) to 8µm (Spitzer IRAC). We refer the reader to the 3D-HST photometry paper for details on the imaging sources (Table 3 in Skelton et al. 2014 ). This matching results in a sample of 1863 galaxies. We then applied a redshift cut of 0.600 ≤ z ≤ 1.235 to the ground-based spectroscopic redshifts to get galaxies which could contain a 4000Å break in their grism spectra. This results in a sample of 790 galaxies. A note on GOODS-N astrometry: because the PEARS catalogs were made with pre v2.0 ACS GOODS images, before matching the PEARS catalog with 3D-HST and groundbased spectroscopic redshift catalogs, we also corrected for the known offset in the declination of pre v2.0 ACS images for GOODS-N. This offset is ∼0.3 arcsec (see the readme file for v2.0 ACS images 4 ). We also apply a cut on the Net Spectral Significance, N ≥ 10. Briefly, the Net Spectral Significance is a proxy for the useful information content within a spectrum. For example, from Pirzkal et al. (2004) , N > 8.5(n pix /100) 1/2 corresponds to the detection of at least a 3σ signal in the grism data; where n pix is the number of independent spectral elements. In our case, we typically have n pix ∼88, which implies that a value of N > 8 corresponds to at least a 3σ detection of signal in the grism data. We refer the reader to appendix B for the definition and also to Pirzkal et al. (2004) for details. We also reject galaxies with excessive contamination (as measured by the PEARS pipeline reduction) -defined here as any galaxy which has more than 33% of its continuum flux contaminated i.e., likely coming from its line-ofsight neighbors (Pirzkal et al. 2004 (Pirzkal et al. , 2013 (Pirzkal et al. , 2017 . We also reject an additional 5 galaxies that have a D4000 error larger than 0.5. These cuts give us 602 galaxies. Finally, before we run the code to estimate the three types of redshifts (i.e., photometric, grism, and spectrophotometric), we restrict the range to D4000≥1.1. This "color" cut is used to remove grism spectra of galaxies that would not be useful in determining redshifts, since they do not contain a discernible 4000Å break. This brings the final sample of galaxies for which we estimate redshifts to 497 galaxies. Table 1 summarizes our selection cuts. Figure 2 shows the distribution of D4000 in our sample (note that The distribution of D4000 for all 602 galaxies within our redshift range and which also passed our Net Spectral Significance and contamination cuts. The light blue shaded area shows the D4000 range for galaxies included in our final sample, i.e., D4000≥1.1. The overlaid blue histogram shows the distribution of those galaxies that have a 3σ or better measurement of D4000, i.e., (D4000 − 1.0)/σ D4000 ≥ 3.0 (see §5).
this figure includes galaxies with D4000<1.1 to clearly show the distribution).
SED FITTING PROCEDURE
4.1. Template library We use the Bruzual and Charlot (2003; hereafter BC03) library of stellar population synthesis (SPS) models (Bruzual & Charlot 2003) to compare with the observed grism and photometric data of a galaxy to infer its redshift. The synthetic spectra include models with 3 different star formation histories (SFHs): 1) instantaneous burst also referred to as Simple Stellar Populations (SSPs); 2) exponentially declining SFH also referred to as Composite Stellar Populations (CSPs); and 3) constant SFH, where the upper limit of the time scale (τ ) on our exponentially declining models is ∼63 Gyr. This is much older than the current age of the Universe, so that this model effectively has a constant SFH.
We generate a grid of templates with the age, metallicity, dust extinction (as measured by A V ) and SFH as parameters. All the models are normalized to form a total stellar mass of 1 M . The models are restricted to an age range of 10 Myr to 7.95 Gyr. This upper limit is decided by the age of the Universe at the lowest value in our redshift range, i.e., this is the oldest possible age for any galaxy in our sample. However, while fitting each individual galaxy, the age of the model is restricted to be less than the age of the Universe, depending on the redshift of the galaxy under consideration. The SSP models have 6 metallicity values -0.005 Z , 0.02 Z , 0.2 Z , 0.4 Z , Z , and 2.5 Z . The CSP models, however, are restricted to solar metallicity values for the sake of computational efficiency. For the exponentially declining SFHs we use a grid for the e-folding time τ (in Gyr) that has a range of −2 < log τ < +2 and a step-size ∆ log(τ ) of 0.02. For a screen of dust, the optical depth, τ V , is related to visual dust extinction, A V , by A V = 1.086τ V . For τ V we adopt a grid with a range of 0.0 ≤ τ V ≤ 2.9 and a step size of 0.2. The BC03 models use the prescription given by Charlot & Fall (2000) to include the effect of dust ex-tinction on the stellar light. The wavelength range for all the models generated by BC03 is 91Å to 160µm.
Since the BC03 templates do not contain emission lines, we manually add emission lines to the model spectra. Following the prescription given by Anders & Fritzevon Alvensleben (2003) , we relate the number of Lyman continuum photons (N Lyc ) and the strength of nonHydrogen emission lines to the Hβ line strength.
For each template, the BC03 code gives N Lyc as one of its output parameters, and this allows us to get the Hβ and metal emission line fluxes. 
Fitting and error estimation
The procedure we follow to arrive at the best fit BC03 model is a simple χ 2 minimization method. For every galaxy, we compare the entire model set to the observed data of the galaxy to get a χ 2 value for each model. The χ 2 statistic is defined by equation 4, where the summation is done over all flux points in the observed data and f λ is the flux density in the data and model as shown, in units of erg s
is the measurement error on each individual flux point in the observed data. There is only a single free parameter for each model, which is the vertical scaling factor α as defined by equation 5. This factor is found analytically by differentiating χ 2 once, and setting it to zero to solve for the value of α that minimizes χ 2 . To arrive at the redshift estimate we choose the redshift corresponding to the best-fit model which has an age that does not exceed the age of the Universe at that redshift.
This procedure remains the same in essence regardless of the redshift that is being computed, i.e., photometric, grism, or spectrophotometric. To estimate photometric redshifts, one needs to (i) redshift the high-resolution model spectra, and (ii) compute fluxes for the redshifted models through all filters for which photometry is available, before the comparison with the photometric data is performed. In the case of grism redshift estimates, one must (i) redshift the high-resolution model spectra, (ii) convolve the models with the Line Spread Function (LSF), and (iii) resample the redshifted, convolved model spectra to the grism spectral dispersion of 40Å per pixel. Finally, when estimating spectrophotometric redshifts from the combination of grism and photometric data, we apply all these modifications to the models before performing the χ 2 minimization. We consider a range of possible redshifts for each galaxy within 0.30 ≤ z < 1.50 with a step size of ∆z = 0.01. We experimented with ∆z = 0.005 and found no significant improvement in the redshift estimates at significant cost of computing time. The larger redshift range is required to properly sample the redshift probability distribution, p(z) curve, in cases where the galaxy redshift is at the edge of the redshift range over which the 4000Å break is visible, i.e., 0.600 ≤ z ≤ 1.235. The redshift in step (i) above comes from iterating over all the redshifts in this range, i.e., for each redshift in this range we carry out the three steps mentioned above, and construct a map of χ 2 values. The convolution of the models with the LSF of the galaxy is done to take into account the effects of the morphology of an object on its spectrum. Because of the absence of a spectroscopic slit in grism data, the orientation of the object with respect to the dispersion direction can cause the LSF and hence the resulting spectrum to be quite different at different position angles. This knowledge of the LSF is important because the LSF will cause any absorption or emission features that might be present -like the 4000Å break -to be diluted, and therefore cause a significant variation in the measurement of indices such as D4000. This effect is even more pronounced for an index with narrower wavelength bandpasses, such as D n 4000. In our case, for the PEARS data, we evaluate the Net Spectral Significance, N (appendix B), for the spectrum at each position angle and select the spectrum with the highest N to compare to the BC03 SPS models.
Apart from the LSF convolution, it is also necessary that the SED models and the grism data are sampled to the same spectral resolution before being compared to find a best fitting model. The spectral resolution of the BC03 models is 3Å in the range 3200 < λ [Å] < 9500, and lower outside this range (Bruzual & Charlot 2003) . A mismatch in resolution would lead to an improper comparison between the high-resolution model and the lowresolution data, because spectral features in the model would remain much sharper than in the data yielding larger values of the χ 2 statistic that we are attempting to minimize. The models are therefore re-sampled to the wavelength resolution of the grism spectrum. This re-sampling of the model is done simply by taking the average flux of all points in the model that fall within the wavelengths of two adjacent points on the grism spectrum. This is done for all points within the grism spectrum wavelength coverage. For the purposes of finding a best-fit model, we only consider the part of the model spectrum that has the same wavelength range as the grism spectra.
We derive redshift uncertainties analytically, by first deriving errors on the reduced χ 2 (see, e.g., Andrae et al. 2010; Hogg et al. 2010) , and then deriving the corresponding error on the redshift. The error on the reduced Figure 3 . Example spectra and fit residuals from our SPZ fitting procedure for four galaxies in our sample at various D4000 values. The black solid line is the grism data with error bars shown in gray. The observed photometry is shown as red points with error-bars. The light gray line is the best fit high-resolution BC03 model at the estimated redshift. The light green solid line and points are the best fit BC03 model downsampled to the grism redshift and the model photometry. The "best" spectrophotometric redshift from our code, which is the redshift corresponding to the minimum χ 2 , is shown on the plot legend along with the ground-based spectroscopic redshift as well as the photometric redshift. The p(z) curve for the galaxy is shown in the upper right corner as an inset figure with the ground-based redshift shown as a red dashed line. The plot legend also shows the galaxy ID, Net Spectral Significance (N ), D4000 (based on the ground-based spectroscopic redshift), and other derived parameters from the fitting routine. The bottom panels show the residuals for the fit, i.e., (f obs
Note that the flux axis is plotted here in f λ units for visual clarity since the 4000Å break is more prominent in f λ units, but that the D4000 measurement is done in fν units.
(N data ) and the number of parameters in fit which gives d.o.f. = (N data − 1).. This also allows us to accurately estimate asymmetric uncertainties in cases where the χ 2 mininum is asymmetric. Figure 3 shows four example spectra and photometry, with varying D4000 values, to show results from our SED fitting routine. It can be seen that our fitting process gives decent results for both 4000Å (top row) and Balmer breaks (bottom row). Although it does not appear to affect the fitting results, we note that the χ 2 values for SPZ and photo-z are much larger than the optimal value of 1.0. This is likely due to systematic errors in the absolute photometric calibration, because our photometric data come from multiple different instruments and observatories. It can also be seen that the residuals for the grism data are scattered tightly around zero, whereas the photometric points can have much larger residuals. As another visual check, we also compute the p(z) curves for each galaxy. This is done by first converting the χ 2 map to a likelihood map, L ∼ e −χ 2 /2 , which is then marginalized over all model parameters to convert it to a redshift probability distribution, i.e., a p(z) curve. In Table 3 we provide our redshift estimates and their uncertainties along with the other relevant parameters.
THE DEPENDENCE OF REDSHIFT ACCURACY ON

D4000
We now investigate the dependence of the accuracy of the three types of redshifts on the 4000Å break strength, D4000. Our derived redshifts are compared to groundbased spectroscopic redshifts which are often based on emission lines.
Figures 4 and 5 show this comparison of accuracy between the photometric (broad-band), grism (only), and spectrophotometric (broad-band plus grism) redshifts while stepping through bins of increasing D4000. We quantify the outlier fraction and the mean and spread of our sample for our three types of redshifts, for different bins of D4000, in Table 2 . The mean of the residuals is Figure 4 . Photo-z (zp), grism-z (zg), and SPZ (zspz) redshift accuracy for different D4000 bins by comparing to ground-based spectroscopic redshifts (zs). Each row on this figure contains galaxies that fall in the D4000 range shown in the middle subplot. Within each row are three subplots: photo-z on the left, grism-z in the middle, and SPZ on the right. The top panels within each subplot show each of the three redshifts vs. the ground-based spectroscopic redshift. The bottom panels show the residuals, i.e., (z * − zs)/(1+zs), where z * is either zp, zg, or zspz. The D4000 bins sizes are steps of 0.1, except at the two bins with largest D4000 (in Figure 5) , where we have a larger bin size to get a comparable number of galaxies in each bin. The gray solid line in the top panels is the 1:1 line. The blue and red dashed lines are the mean and ±1σ NMAD spread, respectively. The gray open circles are >3σ outliers. Note.
-Quantifying the accuracy of the three different redshifts while stepping through D4000 bins.
given by ∆z/(1 + z s ) , where ∆z is (z s − z p;g;spz ). The spread in the distribution of redshift residuals is measured by using the Normalized Median Absolute Deviation (σ NMAD ; see, for e.g., Brammer et al. 2008) . The σ NMAD is given by:
A redshift value is defined as an outlier when its ∆z/(1 + z s ) value is greater than 3σ NMAD away from the mean. The entire sample of 497 galaxies over the D4000 range of 1.1 ≤ D4000 < 2.0 is shown in the bottom three panels in Figure 5 . It can be seen that the grism redshifts at values D4000<1.3 show a ∆z/(1 + z s ) offset at the level of ∼ − 0.1. This is due to a significant number of outliers toward the blue end of the redshift range. This occurs because, for galaxies with a relatively weaker 4000Å/Balmer break -and therefore lower significance (see following discussion and Figure 6b ) on the measured value of D4000 -our fitting routine is driven to the blue edge of the redshift grid. This is also the reason why the middle subplot in the first two rows has somewhat fewer points than the other two subplots. For D4000 1.3 this offset is significantly diminished, and is similar for all three types of redshifts. From Figures 4 and 5 and Table 2, it can be seen that the SPZ improves over the photo-z, as measured by the spread in the residuals, i.e. σ NMAD , for all D4000 values by ∼16-60%. It can also be seen that the outlier fractions are similar for the SPZ and photo-z. In the D4000 bin with the largest values, 1.6≤D4000<2.0, the SPZ improves over the photo-z by 33%.
This prompted us to also attempt to quantify the value of D4000 at which the measurement of the break strength is significant enough for a redshift to be accurately estimated, in Figure 6b . For this, we quantify the D4000 measurement significance by (D4000−1.0)/σ D4000 , which is plotted vs. redshift in Figure 6b , where the points are colored with their D4000 value (σ D4000 is the error in our D4000 measurement). In Figure 6a , we show the average error for all our D4000 measurements as the point with red error-bars. This average error is ∼0.1. We define the significance threshold then as the level of 3σ above the flat spectrum line of D4000=1.0, shown as the pink dash-dot line at D4000 1.3. This agrees well with the decreased offset in the grism redshifts which occurs at D4000≥1.3 (Figures 4 and 5) . Figure 7 shows this dependence between D4000 measurement significance and the redshift accuracy more explicitly. It can be seen that at larger D4000 values and larger significance of the D4000 measurements, the redshift accuracy improves dramatically, while at lower D4000 values and lower D4000 measurement significance, there exists a larger scatter in the redshift accuracy.
In Figure 8 we investigate the effect of source brightness on the significance of the D4000 measurement. The figure shows a strong correlation between i AB mag and (D4000−1.0)/σ D4000 . It can be seen that at fluxes fainter than i AB ∼ 23-24 mag, there are far more galaxies with lower D4000 significance, i.e., (D4000−1.0)/σ D4000 < 3.0 than with higher D4000 significance.
This idea of D4000 significance is analogous to the measurement of the significance of emission lines when determining redshifts based on emission lines. Essentially, for an accurate redshift to be measured, the emission line must be measured at a significance of at least 3σ above the continuum level. We conclude here that a similar requirement is needed on the D4000 measurement for accurate redshifts based on absorption features. Therefore, using the robustness of D4000 measurements will be a useful tool for future WFIRST and Euclid redshift surveys.
ESTIMATES OF OBJECT NUMBER DENSITIES FOR FUTURE SURVEYS
The Wide Field Infrared Survey Telescope (WFIRST) was ranked as the highest priority space mission in the Astro2010 decadal survey, "New Worlds New Horizons" (Blandford et al. 2010) . One of the primary drivers of both WFIRST and the European Space Agency's Euclid mission is to measure the growth of structure and cosmic expansion over a large period of cosmic history. To achieve this, accurate redshift measurements are necessary -within 0.1% accuracy for baryon acoustic scale measurements (BAO) and ∼1-3% for weak lensing and galaxy overdensity measurements. In this section, we estimate the expected number density of objects by future redshift surveys that will achieve a redshift accuracy of ∼2% or better based on the 4000Å/Balmer breaks.
As a first step to estimate the number density for future redshift surveys, we investigate any possible evolution of the 4000Å break strength, D4000, with redshift at intermediate redshifts. Figure 6a shows the distribution of D4000 vs. redshift for all galaxies in our sample that had ground-based spectroscopic redshifts, and that passed our Net Spectral Significance and contamination cuts. Figure 6a shows that the strength of the 4000Å break Figure 7. The significance of the D4000 measurement vs. the D4000 value. The points are colored according with the accuracy of their spectrophotometric redshifts. The horizontal dashed line is the null-measurement level of D4000, and the vertical dashed line is D4000=1.0 i.e, a flat spectrum. The gray points are galaxy spectra with D4000<1.1 for which we did not estimate a spectrophotometric redshift with our routine. This shows that the signal-to-noise of D4000 can indicate the quality of redshift.
remains roughly constant between 0.600 ≤ z ≤ 1.235. It can also be seen that most of the galaxies at these redshifts have a red slope at ∼4000Å, since they lie above the value of 1.0 (red dashed horizontal line) that represents a flat spectrum (in f ν ) between 3750Å and 4250Å (equal integrated flux density in the two bandpasses used in the D4000 definition). The method presented in this work relies on the presence of a discernible 4000Å break. Hence, the number density of galaxies with accurate 4000Å break redshifts observable by WFIRST and Euclid will depend on the fraction of galaxies that contain a discernible 4000Å break at the redshifts being probed. For WFIRST and Euclid (Laureijs et al. 2011) , the wavelength coverage of the grism is 1.0 to 1.93 µm (for the WFIRST Wide Field Instrument, WFI) 5 , and 0.92 to 1.85 µm (for the Euclid Near Infrared Spectrometer and Photometer, NISP) 6 , respectively. These grism wavelength coverages translate to redshift ranges that are sensitive to the 4000Å break, i.e., 1.67 ≤ z ≤ 3.45 and 1.45 ≤ z ≤ 3.35 for WFIRST and Euclid, respectively. These ranges are derived from wavelength coverage for the grisms and the D4000 definition (see Eq. 1).
Given the results from Figure 6a -the absence of a strong trend in D4000 with redshift for the intermediate redshift values we consider -and also for simplicity, we assume that the fraction of galaxies with a 4000Å or Balmer break available to provide accurate redshifts is roughly constant between the WFIRST and Euclid redshift ranges. We are allowing for the possibility that the abundance of 4000Å break galaxies should drop at higher redshifts but the abundance of Balmer break galaxies (due to post starburst populations dominated by A-type stars) should increase due to the increased overall star formation activity in the Universe (e.g., Madau & Dick- Figure 8 . Significance of the D4000 measurement vs. i AB magnitude. The horizontal dashed line is at (D4000 − 1.0)/σ D4000 = 3.0. This plot includes all the 497 galaxies in our sample with 1.1 ≤ D4000 < 2.0.
inson 2014). Based on the results from Figure 8 , for the remainder of this work, we will only consider the subsample of galaxies within our sample that are brighter than i AB =24 mag. There are 464 galaxies, representing ∼72% of all galaxies in the PEARS area (464 out of 646 galaxies), that are within 0.600 ≤ z ≤ 1.235 and contain a discernible 4000Å/Balmer break, i.e., D4000>1.1, and also have i AB ≤24 mag. We assume that this is the fraction of galaxies within any given area that will contain 4000Å/Balmer breaks available to determine accurate redshifts.
We estimate the number density of object with accurate 4000Å/Balmer break redshifts by:
In the above formula, N gal;z is the total number of galaxies within the redshift range where the 4000Å break can be observed within the G800L wavelength coverage, f acc is the fraction of galaxies in our sample with a redshift accuracy of 2% or better, i.e. |∆z/(1 + z s )| ≤ 0.02, f D4000 is the fraction of galaxies (i.e., our final sample) with D4000>1.1, and A PEARS is the total area covered by the PEARS survey which is ∼119 arcmin 2 . We use the f acc obtained from our spectrophotometric redshifts, instead of our photometric or grism redshifts. Given the wider wavelength coverage (∼1.5-2.5× wider in the restframe than ACS/G800L) and, albeit to a lesser extent, higher-resolution of the grisms on future space-based surveys, we expect the continuum-based redshift accuracy to be similar to our spectrophotometric redshift accuracy. WFIRST and Euclid are planned to have grisms with resolution R∼435-865 (for WFIRST WFI) and R∼380 (for Euclid NISP). We note, however, that the effect of the higher-resolution on the redshift accuracy will have to be carefully simulated, since the higher-resolution will lead to lower signal-to-noise per spectral element. We will address these simulations in future work (Joshi et al. in preparation) .
From our sample, the numbers we have are: N gal;z = 646, f acc = 0.58 (260 out of 446 galaxies), and f D4000 = 0.72 (464 out of 646 galaxies; also see preceding discussion). Therefore, we find a total of ∼2.27 galaxies/arcmin 2 or ∼8200 galaxies/degree 2 , to a flux limit of i AB ≤24 mag. This number density of continuum derived redshifts is comparable to the expected number density of emission line redshifts. For example, our expected number density agrees very well with the expected number density of Hα emitting galaxies predicted by Merson et al. (2018) , who find a number density between 3900 and 4800 galaxies/degree 2 for a Euclid-like survey, and a number density between 10400 and 15200 galaxies/degree 2 for a WFIRST-like survey. Our expected number density also agrees well with estimates of line-emitting galaxies from the WFC3 Infrared Spectroscopic Parallels (WISP) survey collaboration (see for e.g., Colbert et al. 2013; Mehta et al. 2015) .
CONCLUSION
We note three important aspects of our continuum derived redshifts relevant to future redshift surveys -(i) Complementarity with emission line redshifts: As we have shown, the expected number density of galaxies with redshifts derived from the 4000Å/Balmer breaks is comparable to that of galaxies with Hα based redshifts. Since the two methods rely on very different features present in galaxy spectra, these methods individually access very different galaxy populations. Therefore, the two methods combined can comprehensively sample the galaxy population. We have also shown, that the D4000 measurement significance can be used as a proxy for expected continuum-based redshift accuracy.
(ii) Redshifts based on grism data alone: For galaxies that contain strong emission lines, using grism data alone, a redshift accuracy of ∼0.1% can be achieved, by employing 2-dimensional grism spectra to detect individual emission line regions in galaxies . We have shown that continuum-based redshifts derived using only grism data, for galaxies without strong emission lines, can still achieve an accuracy of σ NMAD ∆z/(1+z) ∼6% (Table 2) , down to i AB ∼23-24 mag. This is when using ACS/G800L spectra that have R 100 and a typical rest-frame coverage around the 4000Å break of ∼1500Å. This is especially important, given that much of the area covered by WFIRST and Euclid will not have supporting 12-band (or more) photometry, and therefore must rely on grism-based redshifts alone. (iii) Grism redshifts for fainter continua: Accurate grism continuum redshifts can be achieved for continua that are fainter (i AB ∼23-24 mag for this paper) than those that can be done from the ground. Given the steep slope in the luminosity function at the faint end (e.g., Finkelstein et al. 2015) , this is particularly important because sampling fainter magnitudes will allow for obtaining continuum-based redshifts for much larger numbers of galaxies.
While programs targeting Hα and [OIII]λ5007 lines are being planned for both the WFIRST (see e.g., High Latitude Survey, Spergel et al. 2015) and Euclid missions, we show that redshifts obtained with the 4000Å/Balmer breaks can also be accurate to at least 2%. We argue that -(i) since the expected number densities of objects with redshifts based on the 4000Å/Balmer breaks and objects with emission line redshifts are comparable, and (ii) since grism continuum redshifts can be done from space to fainter continuum levels compared to continuum-based redshifts from the ground (e.g., this work goes as faint as i AB ∼24 mag) -continuum-based redshifts can provide redshifts for galaxies which will not have emission line based redshifts from grism observations with WFIRST and Euclid, and therefore contribute additional redshifts which would otherwise not be available.
BAJ is grateful to Drs. Philip Appleton, Sanchayeeta Borthakur, Sangeeta Malhotra and James Rhoads for helpful discussions on work done in this paper. RAW acknowledges JWST Interdisciplinary Scientist grants NAG5-12460, NNX14AN10G, and 80NSSC18 K0200 from NASA GSFC. This research has made use of NASA's Astrophysics Data System. This work makes use of observations taken by the PEARS treasury program with the NASA/ESA HST. This work also makes use of observations taken by the 3D-HST Treasury Program and CANDELS Multi-Cycle Treasury Program with the NASA/ESA HST. Some of the data presented in this paper were obtained from the Mikulski Archive for Space Telescopes (MAST) at the Space Telescope Science Institute. STScI is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. This research has made use of the Python programming language along with the Numpy, Scipy, and Matplotlib packages. This research has made use of Astropy, a community-developed core Python package for Astronomy (Astropy Collaboration, 2018). 
